Endometrial receptivity is a prerequisite for successful embryo implantation and pregnancy. Receptivity involves complex processes promoted by many transcripts that are key components of molecular pathways that depend on ovarian hormones and that contribute to shaping structural, metabolic, and communication properties of endometrial cells toward reception of embryos. MicroRNAs (miRNAs) are important regulators of the expression of these transcripts encoding effector molecules. We acquired miRNA and mRNA signatures, miRNA-mRNA pairs, and regulatory networks linked with the emergence and maintenance of postimplantation pregnancy. Endometrial tissue samples were obtained at Days 3 and 7 of the estrous cycle of cows that did or did not become pregnant after transfer of either in vivo-produced (IVV) or in vitro-produced (IVT) embryos in the next cycle following the biopsy. We report a list of endometrial miRNAs that were differentially expressed between Day 3 and Day 7 of the bovine estrous cycle (including miR-1290, miR-3437, miR-1246, miR-486, miR-3107, and miR-382), that differed with high or low endometrial receptivity (miR-3902-3p, miR-1825, miR-H14-3p, miR-885-3p, miR-504-3p, and miR-186), or that differed among the IVT and IVV transfers (miR449a/b/c, miR-138, miR-874, miR-4342, miR-2231, and miR-2751). Moreover, mRNA transcripts were also analyzed, and pairs of negatively correlated miRNAs and mRNAs were predicted in silico. The miRNA-mRNA target pairs had roles in response to hormonal stimuli and oxidative stress, chromatin organization, miRNA-mediated epigenetic histone changes, cell proliferation, p53 signaling, and apoptosis. Overall, we identified significant miRNAs, miRNA-mRNA pairs, and functional networks that are associated with the state of pregnancy at Day 28 as a parameter of endometrial receptivity and that are affected by estrous cycle and embryo culture systems.
INTRODUCTION
The receptive endometrium represents a physiologic state of the uterus for embryo implantation-that is, endometrial receptivity is defined as the preparedness of the maternal tissue for the implantation of embryos. Endometrial receptivity is a complex process regulated mainly by the coordinate and sequential actions of estrogen and progesterone, but it also involves fine control of numerous molecular mediators. Indeed, estrous cycle-specific endometrial expression has been reported in humans [1] , mice [2] , and cows [3] [4] [5] . Endometrial expression of these molecules must be synchronized to generate a timely progression of signaling pathways, which ultimately permit communication between maternal and embryonic tissues. This embryo-maternal cross talk involves transcriptomic shifts on both sides that enable the emergence of intrauterine conditions optimized for the embryo.
Differences are evident between in vivo-produced (IVV) and in vitro-produced (IVT) embryos at the morphologic, functional, and transcriptional levels [6, 7] . Thus, successful implantation of IVV or IVT embryos requires different repertoires of activated endometrial genes. Depending on the state of expression of various genes, endometria might be better suited to successfully accommodate either IVT or IVV embryos. Accordingly, successful implantation of IVT or IVV embryos may be associated with different endometrial transcript profiles. Biologic processes through the estrous cycle and differential expression among receptive endometria after transfer of IVT embryos have been reported in cattle [5] .
The molecular mechanisms that regulate expression of these genes could be epigenetic modifications. The exact timing of epigenetic modifications during the estrous cycle is associated with receptivity and pregnancy success, as we have previously reported [5] . However, miRNAs, which encode an abundant set of evolutionarily conserved RNAs (;22 nucleotides long) that regulate gene expression by degradation and/or translational repression of target mRNAs [8, 9] , are also potential regulators of endometrial receptivity. Numerous studies have demonstrated that miRNAs play important roles in regulation of diverse biologic processes, including cell development, differentiation, cell growth, proliferation, apoptosis, and metabolism [10] [11] [12] [13] . A number of biologic processes during the cyclic changes in the endometrium have been reported to be regulated by miRNAs [14] . In addition, aberrant miRNA expression is associated with human endometrial disorders, such as endometriosis [15, 16] , endometrial hyperplasia, and carcinoma [17] , and previous studies have reported miRNA-regulated molecular pathways that are likely to contribute to defects in endometrial receptivity in humans [18] . Indeed, Altmäe et al. [19] reported that miR-30b, miR-30d, and miR-494 play important roles in human endometrial receptivity. Taken together, these results indicate the importance of miRNAs in embryo implantation.
Our previous study [5] revealed differences of transcriptional profiles of bovine pretransfer endometria with low or high receptivity for IVT embryos. Genes related to cell communication and mitochondrial energy metabolism differ at Day 3 of the bovine estrous cycle, and genes related to immune and inflammatory pathways, oxidative stress, and angiogenesis differ at Day 7 [5] . In the present study, we performed and integrated endometrial mRNA and miRNA expression profiling at Days 3 and 7 of the estrous cycle before implantation of IVT or IVV embryos into heifers with high and low endometrial receptivity.
MATERIALS AND METHODS

Animal Handling and Endometrial Biopsy Sampling
Experiments were approved by local authorities, and animal husbandry conditions adhered to regulations stated in the German Law of Animal Protection with approval by the University of Bonn. After estrous synchronization of cyclic Simmental heifers and visible confirmation of estrus via common signs, endometrial biopsies were performed using a cytobrush technique as described previously [5, 20] . In brief, a brush (length, 20 mm; diameter, 6 mm) protected by a one-way catheter was inserted via the cervix into the uterine body. Inside the uterus, the brush was gently pushed out of the catheter and rolled along the uterine wall. The brush was then retracted into the catheter to protect against contamination during passage through the genital tract. For each animal, endometrial samples were collected at Days 3 and 7 of the estrous cycle during the pretransfer cycle (one cycle before embryo transfer) [20] , immersed in RNAlater (Sigma-Aldrich), and stored at À808C.
In Vitro and In Vivo Production of Embryos
In vitro production of bovine blastocysts was performed according to a standard protocol using ovaries collected from a nearby abattoir. For in vivo production, Simmental heifer donors were superovulated with intramuscular injection of equine chorionic gonadotrophin (2000 IU) at Day 9 of the estrous cycle. Luteolysis was induced by double injection of prostaglandin F 2alpha (25 mg) at 8-to 10-h intervals at Day 13. Finally, GnRH (3000 IU) was administered intravenously on Day 15. All superovulated heifers were artificially inseminated twice with the same frozen-thawed commercial bull semen used for in vitro fertilization procedures. Seven days after insemination, embryos were flushed from superovulated cows using conventional techniques.
Pregnancy Diagnosis
Grade I blastocysts (graded according to the Manual of the International Embryo Transfer Society) were transferred to estrous-synchronized Simmental heifers at Day 7 of the estrous cycle [20] . After transfer, cows were monitored for pregnancy via measurement of blood progesterone levels up to Day 24 and by ultrasonography at Day 28. Tissue samples collected on Days 3 and 7 of the pretransfer estrous cycle were then retrospectively grouped according to pregnancy success. Animals with a detectable embryo by Day 28 and sustained pregnancy at Day 90 were assigned to the high-receptivity (HR) group, whereas those without were assigned to the low-receptivity (LR) group. In fact, pregnancy at Day 28 and further on is unambiguous sign of receptivity of the endometrium (i.e., its capability to contribute to implantation and sustenance of the embryo); however, failed pregnancy is not an unambiguous indicator of reduction in or lack of endometrial properties, but rather only a vague indication of reduced receptivity, because other factors may cause failure of pregnancy.
RNA Isolation and Quality Control
Frozen RNA samples were thawed at room temperature. Because the endometrial tissue stuck firmly to the brush bristles, it was scraped off carefully with sterile needles. Total RNA was isolated with TRI Reagent (SigmaAldrich) and extracted with phenol-chloroform according to the manufacturer's protocol. Samples were treated with DNase (Qiagen) to remove DNA and purified with an RNeasy kit (Qiagen). For small RNA isolation and enrichment, an miReasy kit and an RNeasy MinElute Cleanup kit (Qiagen) were used according to the manufacturer's protocols. RNA quality and quantity were assessed with an Agilent 2100 Bioanalyzer using an RNA 6000 Nano kit for total RNA and a separate kit for small RNA (Agilent). RNA integrity number ranged between 7.9 and 9.5.
Whole-Genome Expression Profiling
We compared eight groups of endometrial biopsy specimens collected on Days 3 and 7 of the pretransfer cycle but retrospectively defined as HR or LR after embryo transfer. The groups were as follows: for transfer of IVT embryos, HR endometria of Day 3 (HR3IVT) and Day 7 (HR7IVT) and LR endometria of Day 3 (LR3IVT) and Day 7 (LR7IVT); for transfer of IVV embryos, HR endometria of Day 3 (HR3IVV) and Day 7 (HR7IVV) and LR endometria of Day 3 (LR3IVV) and Day 7 (LR7IVV). Expression profiling of mRNAs and miRNAs was conducted on eight groups with 15 samples per group, which were assigned to three pools of five samples per group. In total, 24 mRNA and 24 miRNA chips were used.
MicroRNA Microarray Analysis
MicroRNA expression profiling was performed using the GeneChip miRNA 3.0 Array (Affymetrix) according to the manufacturer's recommendations. Affymetrix GeneChip Micro 3.0 Array provides 100% miRBase v17 coverage (www.mirbase.org). The microarray contains 16 772 entries representing hairpin precursors, 19 724 probes for detection of 676 Bos taurus mature miRNAs, 1733 human mature miRNAs, and miRNAs of 153 other species. The microarray provides a greater than 3-log dynamic range with higher than 95% reproducibility and 85% transcript detection at 1.0 amol for a total RNA input of 130-500 ng. Small RNA (200 ng) was used for sample preparation with a FlashTag Biotin RNA labeling kit for Affymetrix GeneChip miRNA arrays (Genisphere). Labeled RNA was then hybridized for 16 h to the miRNA arrays according to the manufacturer's recommendations, washed and stained in a Fluidics Station 450, and scanned on a G3000 GeneArray Scanner (Affymetrix). Robust multiarray average background correction, log-2 transformations, and quantile normalization methods implemented in JMP Genomics 6 (SAS Institute) were performed for data preprocessing, normalization, and statistical analyses. The miRNA microarray data were deposited in the Gene Expression Omnibus (GEO) public repository (GEO accession numbers GSE56368: GSM1359967-GSM1359990).
Messenger RNA Microarray Analysis
Endometrial mRNA expression patterns were analyzed using the GeneChip Bovine Genome Array (Affymetrix). In brief, total RNA was used for target preparation for microarray hybridization. Following Affymetrix protocols, 500 ng of total RNA were reverse-transcribed into cDNA, transcribed into cRNA, and labeled using an Affymetrix One-Cycle Synthesis and Labeling kit to prepare antisense biotinylated RNA targets. Quality of hybridization was assessed in all samples following the manufacturer's recommendations. Data were analyzed with Affymetrix GCOS 1.1.1 software using global scaling to a target signal of 500. Data were processed with MAS 5.0 to generate cell intensity files (present or absent). Quantitative expression levels of the present transcripts were estimated using the PLIER (Probe Logarithmic Intensity Error) algorithm for normalization in Expression Console software (Affymetrix). Microarray data were deposited in the GEO public repository (GEO accession numbers: GSE36079: GSM880824-GSM880835 and GSE36080: GSM880836-GSM880847). Functional annotation was performed referring to predefined pathways and functional categories of the Ingenuity Knowledge Base using Ingenuity Pathway Analysis (IPA). The significance of enrichment of lists of differentially expressed transcripts for members of pathways and functional categories was measured by Fisher exact test and adjusted using the Benjamini-Hochberg correction.
Statistical and Bioinformatic Analyses
After normalization and quality control of expression patterns, data were subjected to analysis of variance. For mRNA and miRNA data analysis, day of estrous cycle (Day 3 or 7), method of embryo production (IVT or IVV), and receptivity (HR or LR), as well as their interactions, were used as fixed effects in a generalized linear model using JMP Genomics 6. Least-squares mean values for fixed effects were compared by t-test, and P-values were adjusted for multiple comparisons by Tukey-Kramer correction. False-discovery rate (FDR) was controlled as described previously [21] .
We used two methods to predict targets of bovine miRNAs. First, we predicted targets using the computational software RNAhybrid (http://bibiserv. techfak.uni-bielefeld.de/rnahybrid), which detects the most energetically favorable hybridization sites of a small RNA within a large RNA [22, 23] . We tested miRNAs with the following default parameters: number of hits per PONSUKSILI ET AL. target, 1; energy cutoff, À25 kcal/mol; maximal internal or bulge loop size per side, 4. Second, TargetScan (http://www.targetscan.org) was used to detect target gene candidates based on seed complementarity on both 3 0 -untranslated region (UTR) and coding sequences of transcripts and miRNA sequences [24] .
Quantitative Real-Time PCR of Mature miRNAs
Quantitative real-time PCR (qPCR) was used to validate microarray results with five individual samples per group (n ¼ 40). Primers (Supplemental Table  S1 ; Supplemental Data are available online at www.biolreprod.org) were designed on the basis of mature miRNA sequences. Total RNA enriched for small RNA and miRNAs was reverse-transcribed using Superscript III Reverse Transcriptase (50 U; Invitrogen) and Megaplex Pools containing 380 stemlooped reverse-transcript primers (Applied Biosystems) according to the manufacturer's protocols. The reaction mixture was preincubated on ice for 5 min; amplified by 40 cycles of 168C for 2 min, 428C for 1 min, and 508C for 1 sec; and then terminated by an incubation at 858C for 5 min. The qPCR was performed in duplicate on a LightCycler 480 (Roche) using 20 ng of cDNA, SYBR Green I Master Mix, a forward primer specific to each miRNA, and a universal reverse primer (Applied Biosystems). PCR conditions were 958C for 10 min followed by 45 cycles of 958C for 15 sec and 608C for 1 min. Small nuclear RNA U6 and other mature miRNAs (miR-191 and miR-339b) were used as internal controls. A value of P , 0.05 was considered to be significant. Reactions were performed in duplicate. The cycle number at which the reaction crossed an arbitrarily placed threshold (CT) was determined for each transcript. The relative amount of each miRNA to the geometric mean of three internal controls was described using the equation 2 ÀDCT , where DCT ¼ CT miRNA À CT internal control [25] .
Statistical analyses were performed with SAS 9.2 software (SAS Institute). Differences depending on receptivity, cycle day, and pregnancy were analyzed using least-squares to fit generalized linear models and a post-hoc TukeyKramer multiple comparison. Values are given as least-squares means. A value of P , 0.05 is considered to be statistically significant.
RESULTS
We performed a longitudinal, holistic study of the endometrial transcriptome, including both mRNA and miRNA, at Days 3 and 7 of the estrous cycle of HR and LR pretransfer bovine endometria after transfer of IVT and IVV embryos to provide a comprehensive inventory of genes and functional networks. After data preprocessing, 5747 miRNA probes passed the quality control and filtering criteria. Of those, 1427 probes, which correspond to 658 mature miRNA sequences, significantly differed in abundance (FDR , 5%) for at least one factor.
Endometrial miRNA Expression Differs Between Days 3 and 7 of the Estrous Cycle
In total, 897 probes were differentially expressed (FDR , 5%) between Days 3 and 7 of the estrous cycle (Supplemental Table S2 ). These 897 probes belonged to 407 different mature miRNA sequences. Of these, 615 probes (corresponding to 323 different mature miRNA sequences) were expressed at a higher level on Day 7 than on Day 3, whereas 282 probes (corresponding to 84 different mature miRNA sequences) were expressed at a higher level on Day 3 than on Day 7. The transcript having the greatest downregulation at Day 3 (Day 3 , Day 7) was miR-1290 (fold-change [FC] ¼ 10.1), followed by miR-3437 and miR-1246. The transcripts with the greatest upregulation at Day 3 (Day 3 . Day 7) were miR-486 (FC ¼ 9.6) and miR-382 (FC ¼ 5.2). Mature miRNA sequences are conserved among species; consistently, miRNA probes assigned to different species but sharing identical sequences revealed corresponding expression data (Supplemental Table  S2 ). Figure 1 shows the top-10 bovine miRNAs that were differentially expressed between Days 3 and 7.
Endometrial miRNA Expression Differs Between IVT and IVV Groups
The origin of embryos (IVT or IVV) plays a significant role in implantation. Accordingly, successful implantation of IVT and IVV embryos in the cycle following biopsy was reflected by different expression patterns in the pretransfer cycle. In fact, 55 probes from 21 different miRNA sequences (Table 1) were differentially expressed (FDR , 5%) depending on embryo origin. Only miR-449a/b/c was upregulated (IVT . IVV), with FC . 2. We did not identify any downregulated miRNAs (IVT , IVV) with FC . 2. miRNA AND mRNA EXPRESSION OF BOVINE ENDOMETRIA
Endometrial miRNA Expression Differs Between HR and LR Groups
Receptivity plays a significant role in bovine embryo implantation. In total, 11 miRNAs were differentially expressed between LR and HR animals (FDR , 5%) ( Table  2 ). Two out of 11 miRNAs (miR-3902-3p and miR-1825) showed lower transcript abundance in the HR group.
Differential Expression of miRNAs Between HR and LR Endometria at Days 3 and 7 of the Estrous Cycle from IVT and IVV Groups
Considering the interaction of receptivity, day of estrous cycle, and origin of embryo, we made following comparisons among groups: 1) HR3IVT versus LR3IVT, 2) HR7IVT versus LR7IVT, 3) HR3IVV versus LR3IVV, and 4) HR7IVV versus LR7IVV. In the first comparison, nine miRNAs significantly differed (FDR , 5%) (Table 3 )-in HR3IVT endometria, three miRNAs (miR-3902-3p, miR-8, and miR3436-5p) were decreased, and six miRNAs (miR-4006f-5p, miR-504-3p, miR-186, miR-130c-5p, miR-22-5p, and miR-4703-3p) were increased. In the second comparison, five miRNAs significantly differed (FDR , 5%) (Table 4 )-in LR7IVT endometria, three miRNAs (miR-375, miR-2483, and miR-3033) were increased, and in HR7IVT endometria, two miRNAs (miR-708 and miR3634-3p) were increased. In the third comparison, 23 miRNAs significantly differed (FDR , 5%) (Table 5 )-in LR3IVV endometria, eight miRNAs were increased, and in HR3IVV endometria, 15 miRNAs were increased. In the fourth comparison, nine miRNAs significantly differed (FDR , 5%) (Table 6 )-in HR7IVV endometria, four miRNAs (miR-214-5p, miR-1623, miR-214, and miR-199) were decreased, and five miRNAs (miR-362, miR-31, miR-128, miR-17, and miR-30) were increased.
Endogenous Correlation of Expression Profiles Between miRNA and mRNA
Using the same samples as for miRNA analyses, we also measured mRNA expression. After quality control and filtering, 10 48 probe sets were identified, 4481 of which were significantly different (FDR , 5%) in at least one comparison. We performed pairwise correlation coefficient analyses to evaluate association of expression levels between 1472 miRNA probes and 4481 mRNA probe sets. Among the 6 596 032 Pearson correlation coefficients, we detected significant correlation in 1 235 746 miRNA-mRNA pairs at P 0.002 (FDR , 1%). TargetScan and RNAhybrid further scanned miRNAs as well as 3 0 -UTR and coding sequences of bovine genes to support functional links. In total, 16 320 miRNAmRNA pairs were negatively correlated, with r-values ranging from À0.89 to À0.46 (FDR , 5%), and were predicted to be functionally linked.
To identify the most informative sets of differentially expressed genes between Days 3 and 7 of the estrous cycle, we focused on negatively correlated miRNA-mRNA pairs (FC .
2) with in silico-predicted functional links. Finally, 1610 miRNA-mRNA pairs corresponding to 135 genes and 285 miRNAs were considered ( Fig. 2a and Supplemental Table  S3 ). Among these genes, the transcripts most upregulated at Day 3 versus Day 7 (LTBP1, SPARCL1, SFRP4, CDH2, LUM, KLK10, CDCA7, TSPAN2, and ALDH1A2) and at Day 7 versus Day 3 (FABP3, DGAT2, MMP13, DGKI, SPP1, MGP, CYP39A1, CYP26A1, PHGDH, and AQP4), respectively, belonged to the top-three functional categories: cellular movement, cellular growth and proliferation, and cell morphology. Moreover, IPA analysis revealed these genes that were altered between Days 3 and 7 of the estrous cycle were associated with the top-three IPA canonical pathways of role of osteoblasts, osteoclasts, and chondrocytes in rheumatoid arthritis (SFRP4, FZD10, SPP1, JUN, SMO, MMP13, LEF1, BMP7, and TCF7L1); Wnt/b-catenin signaling (UBD, SFRP4, FZD10, CDH2, JUN, SMO, LEF1, and TCF7L1); and cellcycle control of chromosomal replication (MCM3, MCM6, MCM2, and MCM4). The functional category and canonical pathways of these 135 transcripts are demonstrated on Supplemental Table S4. In summary, 44 genes were downregulated at Day 3 that corresponded with 59 miRNAs that were upregulated at Day 3. Six of these miRNA-mRNA pairs were associated with hormonal stimuli (ADIPOR2, miR-1281, miR-150; ADM, miR-92b; FABP3, miR-1758; MGP, miR-1623; MMP13, miR-2332, miR-382; SPP1, miR-375). In addition, 92 genes were upregulated at Day 3 that corresponded with 226 miRNAs that were downregulated at Day 3. Of these 92 genes, 36 were enriched for the functional category of signal peptides.
To compare expression patterns of pretransfer endometria categorized by pregnancy success after embryo transfer, 613 transcripts (250 IVT . IVV; 363 IVT , IVV) were differentialy expressed (FDR , 5%). The mRNA and miRNA data integration revealed 78 miRNA-mRNA pairs belonging to 13 miRNAs and 54 mRNAs (Fig. 2b and Supplemental Table  S5 ). The 30 mRNAs downregulated in the IVT group were associated with response to oxidative stress (EPAS1, HMOX2, PSEN1, and PYCR1), where the 24 mRNAs upregulated in the IVT group were associated with chromatin organization (SMARCA4, WHSC1L, CHD2, KDM4B, and SU420H2).
Differential expression between HR and LR pretransfer endometria was marginal compared to other comparison groups, so FDR was raised to 10% for both mRNA and miRNA. In total, 62 transcripts were downregulated, and 74 transcripts were upregulated, in LR endometria. Data integration revealed 11 miRNA-mRNA pairs belonging to seven miRNAs and eight mRNAs (Fig. 2c and Supplemental Table  S6 ). Three mRNAs (CRTC1, SPRYD3, and MARK2) were downregulated, and five mRNAs (KDM4B, UBR1, TACC1, PRKCB, and PHF2) were upregulated, in LR endometria.
Furthermore, integration of mRNA and miRNA expression patterns was accomplished by comparing experimental groups depending on receptivity, estrous cycle, and origin of transferred embryos. The comparison of HR3IVT and LR3IVT groups with nine significant miRNAs (Table 3 ) revealed 47 miRNA-mRNA pairs (Fig. 3a) . The targets of only six upregulated miRNAs were predicted and were negatively correlated to 44 mRNAs. Most transcripts belonged to cellular development (15/44) or growth and proliferation (19/44) . The transcripts in this group were also enriched in the canonical pathways FXR/RXR activation (MAP2K4, HNF4A, and G6PC3), TGFb signaling (MAP2K4, ACVR2B, and HNF4A), and PI3K/AKT signaling (TSC1, HSP90AA1, and CCND1). Out of 44 transcripts, 11 were associated with reproductive system disease, including CCND1, HSP90AA1, MCPH1, and SAFB, which are related to infertility, and NR3C2, which is related to female infertility and recurrent spontaneous abortion (Supplemental Table S7 ). The comparison between HR7IVT and LR7IVT groups with five significant miRNAs (Table 4) resulted in 12 mRNA-miRNA pairs (Fig. 3b) . No target transcripts of differentially expressed miRNAs were associated with reproductive system disease; however, an interesting target transcript of miR-708 was MEN1, belonging to the endocrine system. The comparison between HR3IVV and LR3IVV groups with 23 significant miRNAs (Table 5) revealed 241 mRNA-miRNA pairs, the top 100 of which are shown in Figure 3c . In total, 208 transcripts were negatively correlated with and predicted as targets of 15 miRNAs: 84 associated with molecular and cellular functions of cellular growth and proliferation, 79 associated with cell death and survival, and 7 associated with reproductive system disease, including CD247 and FCER1G for abnormal morphology of enlarged placenta and MAP4, MAPT, and NF2 for elongation of gonadal cell lines (Supplemental Table S8 ). The target transcripts of differentially expressed miRNAs in this group were also enriched in the canonical pathways tight junction signaling (PRKACB, MYH10, CLDN10, JUN, JAM3, MARK2, PPP2R5C, and ARHGEF2), amyloid processing (CSNK1E, PRKACB, MAPT, and PSEN1), and telomerase signaling (ETS1, PIK3R1, PPP2R5C, POT1, and HDAC5). The comparison between HR7IVV and LR7IVV groups with nine significant miRNAs (Table 6 ) resulted in 86 mRNA-miRNA pairs (Fig. 3d) . Out of 62 transcripts, 15 were enriched in cellular movement, 19 in cellular development, 5 in reproductive system development and function, and 15 in embryonic development. The details of functional categories and pathways are shown in Supplemental Table S9 .
Quantitative Real-Time PCR validation
Quantitative real-time PCR was used to confirm differential expression of several miRNAs identified by microarray results. Of the miRNAs validated, 80% showed concordance between qPCR and microarray results (Tables 7 and 8 ). This suggested that our microarray data were reliable, although we used pools of biopsy specimens for microarrays compared to individual biopsy specimens for qPCR.
DISCUSSION
The endometrium is a complex, hormone-responsive tissue that undergoes cyclic proliferation, hypertrophy, and differentiation in anticipation of embryo implantation. Our previous results [5] showed that endometrial transcripts related to cellular and molecular processes have divergent expression and longitudinal temporal regulation in HR and LR endometria. Key components of these molecular pathways are dependent on ovarian hormones that promote uterine receptivity. Kuokkanen et al. [14] suggest that progesterone opposes estrogen by yet another mechanism-namely, inducing expression of miRNAs to fine tune endometrial gene expression.
To our knowledge, the present study is the first to demonstrate differential expression profiles of miRNAs in bovine endometria according to pregnancy-based success. Here, we have shown that many endometrial miRNAs are differentially expressed between Days 3 and 7 of the estrous cycle, indicating a longitudinal temporal expression of miRNAs. Parallel shifts in mRNA transcript abundance are regulated, in part, by miRNAs. In addition, different miRNA profiles of bovine pretransfer endometria were identified based on pregnancy success after IVT or IVV embryo transfer, indicating that miRNAs contribute to activation of the most suitable repertoire of genes for embryo-maternal cross talk. Moreover, mRNA endometrial transcript levels were integrated with miRNAs, revealing mRNA-miRNA pairs that are apparent in corresponding dendrograms and hierarchical clustering and that form regulatory networks. MicroRNAs target mRNA transcripts via base pair complementarity, typically in the 3 0 -UTR [26, 27] but also in the coding sequence [28] . This targeting can induce transcript cleavage, degradation, destabilization, or repression of translation, thereby modulating protein levels. It has been recently shown that reduction of transcript level accounts for most of the regulatory, repressive effects of miRNAs [29] . Target genes that are regulated by miRNAs through degradation of their respective transcripts consequently show negative correlation of their mRNA with the miRNA regulator.
Temporal Regulation from Day 3 to Day 7 of the Estrous Cycle
Several reports of fluctuations in endometrial miRNA profiles during the menstrual cycle have been published [14, 19, 30, 31] . Kuokkanen et al. [14] report differential miRNA expression patterns in endometrial epithelial cells during menstrual phases, suggesting that some miRNAs are hormonally regulated in the human endometrium. Many studies have shown gene transcript changes throughout the estrous cycle of the bovine endometrium [3, 4] and due to implantation [32] , some even accounting for different biotechniques used to derive embryos [33] . Mitko et al. [4] report that at estrus (Day 0 of the estrous cycle), the endometrial expression is enriched for transcripts related to extracellular matrix remodelling, transport, and cell growth and morphogenesis, whereas immune response and particular metabolic pathways are overrepresented at diestrus (Day 12 of the estrous cycle). Similarly, using cytobrushes to collect superficial cells, we found upregulation of genes related to mitochondrial energy metabolism early, at Day 3 of the estrous cycle, whereas transcripts functioning in immune and inflammatory pathways, oxidative stress, and angiogenesis were overrepresented at Day 7 [5] . These mRNA expression analyses identified the endometrium as an early sensor for the presence and implantation of embryos in the uterus [20] . Moreover, it was shown that the type of embryo in the uterus around the time of initiation of implantation affects the type of response elicited from the endometrium in terms of gene expression [33] . Though many reports of transcript changes throughout the estrous cycle of the bovine endometrium have appeared, reports of miRNA profiles that contribute to the orchestration of mRNA transcription in the bovine endometrium are scarce. Most miRNAs found in the present study were differentially expressed between Days 3 and 7 of the estrous cycle, indicating that bovine miRNAs may be regulated by hormones, as reported in the human endometrium [14] . Endometrial cell proliferation is a complex, multicomponent process involving cues from extracellular growth factors and hormones [34, 35] . Many target transcripts regulated by miRNAs found in the present study were enriched for cellular movement, cellular growth proliferation, and cell morphology. Most interesting, target transcripts of miRNAs belong to cellcycle control of chromosomal replication (MCM3, MCM6, MCM2, and MCM4), which were highly expressed at Day 3 compared to Day 7. In the uterine epithelium, estradiol-17b (E2) induces cell proliferation, whereas progesterone (P4) inhibits this response and causes differentiation of the cells. Chromatin association of the MCM2-7 complex is stimulated by E2 at the G 1 /S-phase transition. P4E2 inhibits the transcript abundance of MCMs 2-6 and causes nuclear egress of the residual MCM proteins [36, 37] . Thus, the binding of the MCM2-7 complex to chromatin is inhibited, and prereplication licensing is blocked [37] . Correspondingly, in the present study, we found an upregulation of MCM transcripts on Day 3 of the estrous cycle and a downregulation on Day 7. Among the mRNA-miRNA pairs that were related to hormone stimulus responses, we found that the adiponectin receptor (ADIPOR2) was associated with miR-1281 and miR-150. Several studies in different species have shown differential expression of adiponectin receptors-for example, in human endometrial epithelial and stromal cells [38] , in uteri of pregnant mice [39] , and in porcine endometria and myometrium through the estrous cycle [40] . Recently, a study found that miR-150 targets and regulates ADIPOR2 mRNA and protein expression [41] . In addition, adrenomedullin (ADM) has important roles in protecting sperm in the female reproductive tract, as an antioxidant, and in increasing leukocyte and macrophage infiltration in the uterus [42] . ADM may also be associated with endometrial repair after menstruation [43] . Our present findings are consistent with previous expression profiles and predict ADM as a target of miR-92b.
Matrix metalloproteinases (MMPs) are collagenases that are key participants in extracellular matrix remodeling. In cows, as in humans and rodents, MMPs participate in endometrial remodeling [44] . MMP-1, MMP-2, MMP-3, MMP-9, and MMP-13 are all highly expressed in the bovine endometrium during late gestation [45] . MMP-2 is an important endometrial remodeling factor for implantation and prepartum in cattle [45] . Here, we found that MMP-2 and MMP-13 expression significantly differed between Days 3 and 7 of the estrous cycle. Both miR-2332 and miR-382 were predicted to be MMP-13 regulators, and approximately 43 miRNAs were negatively correlated with MMP-2 and predicted as MMP-2 targets. Secreted phosphoprotein 1 (SPP1), a highly phosphorylated acidic glycoprotein, participates in attachment of conceptus trophoblast to uterine luminal epithelium and may be associated with placental efficiency in pigs [46] [47] [48] . Porcine SPP1 contains miR-181a-binding sites [49] . Here, we found that SPP1 was upregulated at Day 7 of the estrous cycle and was predicted as a target for miR-375 with a high negative correlation in cows (r ¼ À0.75, FDR ¼ 0.0007).
Together, we identified many miRNA and mRNA transcripts that were differentially expressed between Days 3 and 7 of the estrous cycle, which is a critical period for implantation and extensive tissue remodeling. Moreover, our results reveal that both miRNAs and miRNA-mRNA pairs may play an important role in regulating endometrial remodeling for pregnancy.
Transcript Differences of Bovine Pretransfer Endometria in Relation to Pregnancy Success after Transfer of IVT and IVV Embryos
Implantation is a complex process that requires appropriate communication between the embryo and maternal endometrium [50] . The comparison of pregnant and nonpregnant monozygotic twin cows revealed embryo-induced transcriptome changes in the endometrium [51] . Gene expression of IVT and IVV embryos exhibit variations in imprinted and nonimprinted genes due to effects of in vitro culture systems [52, 53] . Consequently, different embryonic signals may require different endometrial receivers, and vice versa, and thus endometrial gene expressions may affect the potential for successful implantation of IVT or IVV embryos. Recent studies have shown differential regulation of miRNAs and their functional associations and mechanisms of regulation in bovine placentas derived from artificial insemination, in vitro production, and somatic cell nuclear transfers [54] . Here, we show that differential expression of endometrial miRNAs is associated with reception of IVV or IVT embryos. Interestingly, miR-449a/b/c, which show strong specificity for lung, testis, and adenocarcinoma tissues [55] , showed twofold abundance in endometrial tissues of the IVT group compare to the IVV group. Belonging to the same family as p53-responsive miR-34, miR-449a/b/c are potent inducers of cell death, cell-cycle arrest, and/or cell differentiation [56] . In addition, miR-449 represses E2F1 but promotes p53 activity [57] , and it directly targets E2F3 in lung cancer cells [58] . We previously reported that p53 is the most prominent transcription factor in endometria of bovine heifers transferred with IVT embryos [5] . Here, we also found that E2F3 negatively correlated with miR-449a/b (r ¼ À0.49, FDR ¼ 0.03). Other differentially expressed endometrial mRNAs that were negatively correlated with and predicted as targets of miRNAs between IVT and IVV groups were enriched in the functional categories of response to oxidative stress and chromatin organization. Interestingly, miRNAs also play a key role in epigenetic regulation via targeting genes related to chromatin organization, including SMARCA4, WHSC1L, CHD2, KDM4B, and SU420H2. Taken together, these findings indicate that endometrial miRNA expression profiles are related to IVT or IVV embryo receptivity.
Comparisons of HR and LR Endometria
Two miRNAs that were differentially expressed between HR and LR endometria, miR-186 and miR-504, were also confirmed by qPCR. Myatt et al. [59] showed that miR-186 is upregulated in endometrial cancer compared to normal endometrial tissues. Our microarray analysis revealed that many mRNA and miRNA transcripts differed in abundance in pretransfer endometria of HR and LR groups, including lysinespecific demethylase 4B (KDM4B) and PHF2, which are associated with chromatin organization. KDM4B was negatively correlated with and predicted as a target of miR-578 and miR-504. This demethylase targets histone H3 on lysines 9 and 36 and histone H1.4 on lysine 26, and it plays a significant role in tumors and cancer cells [60, 61] . Knocking down KDM4B expression with small interfering RNAs in cancer cells inhibits cell proliferation and/or induces apoptosis and increases expression of p53 after activation of DNA damage-response pathways [61] . Recent data demonstrated that KDM4B is a master regulator of the estrogen-receptor signaling cascade [62] and a key molecule in androgen-receptor signaling [63] . Overexpression of miR-504 decreases p53 expression and cellular functions, including p53 transcriptional activity, p53-mediated apoptosis, and cell-cycle arrest in response to stress, and miR-504 is also expressed in humans and animals with depression [64, 65] . Here, we demonstrate that an epigenetic regulatory enzyme plays a key role in receptivity and is an miRNA target.
The other interesting miRNA-mRNA interaction we identified was PRKCB and miR-92b, miR-31b, and miR-22. Choi et al. [66] found that miR-92b is significantly overexpressed in placenta of humans with pre-eclampsia, the leading cause of maternal and neonatal mortality and morbidity. Li et al. [67] showed that miR-92b could regulate expression of downstream genes of the Wnt/beta-catenin signaling pathway via targeting DKK3 in humans. We found that protein kinase C, beta (PRKCB) was a predicted target of miR-92b, and both transcripts played significant roles in bovine receptivity. PRKCB belongs to a family of serine-and threonine-specific protein kinases that are involved in many cellular functions, including sperm capacitation and acrosome reaction [68] .
Targets transcripts of miRNA (miR-22, miR-186, miR-504-star, and miR_4006f_5p), which are upregulated in the LR endometrium at the beginning of the estrous cycle, were enriched in FXR/RXR activation, TGFb signaling, and PI3K/ AKT signaling. Xiong et al. [69] reported miRNA-22 to be implicated in the regulation of various types of cancer and to directly target estrogen receptor (ER) a. Li et al. [70] reported that miR-22 was able to effectively reverse E2-induced cell proliferation, cell-cycle progression, and invasion of ERapositive RL95-2 and Ishikawa cells, at least partially through inhibiting the expression of cyclin D1 (CCND1) as well as the secretion of MMP-2 and MMP-9. Men1 was reported to be involved in decidualization and to be regulated in uterine decidua during normal pregnancy in rat [71] . In the present study, miR-708 was the most dominant in the HR7IVT group compared to LR7IVT group and was negatively correlated and predicted as target of Men1. In addition, miR-214 had higher expression in the LR7IVV group than in the HR7IVV group. The different expression of many miRNAs, including miR-214, could modulate the expression of angiogenic and antiangiogenic factors, which may play an important role in the pathogenesis of endometrial cancer [72] . Our results point to miRNAs as partially responsible molecules for target transcripts in many biologic pathways affecting receptivity. However, validation of the target genes of these differentially expressed miRNAs is necessary to validate the role of miRNAs in influencing cow fertility.
In summary, to identify genes and pathways playing a key role in endometrial contribution to the implantation and survival of embryos, we analyzed and integrated mRNA and miRNA expression patterns of bovine endometria assigned to either HR or LR groups according to pregnancy success. In particular, we detected differing mRNA and miRNA transcript abundances depending on preparedness of maternal tissue at Day 3 or 7 of the estrous cycle and depending on transfer of IVT or IVV embryos. We derived functional networks that are associated with these transcripts, which include pathways related to chromatin organization, miRNA-mediated epigenetic histone changes, and hormone response.
